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Blood compatibilityA carbon/TiO2 nanocomposite, which consists of carbon ﬁlm with various sp3C content and TiO2 nanowire ar-
rays, has been synthesized, in which the top surface of TiO2 nanowire arrays prepared using hydrothermal
method on ﬂuorine-doped tin oxide glass were coated with carbon thin ﬁlms. The carbon thin ﬁlms with a
higher, medium and lower sp3C content were deposited by pulsed magnetic ﬁltered cathodic vacuum arc de-
position, plasma-enhanced chemical vapor deposition and magnetron sputtering deposition, respectively.
The surface morphology and structure of TiO2 nanowire arrays were investigated by scanning electron
microscopy, transmission electron microscope and X-ray diffraction. The sp3C content in carbon ﬁlms was
characterized using Raman spectroscopy. The blood compatibility of the samples including the TiO2 nanowire
arrays, carbon ﬁlms and carbon/TiO2 nanocomposite was assessed by tests of platelet adhesion in vitro. Re-
sults showed that the carbon/TiO2 composite can effectively improve the anticoagulant function compared
to the single materials. It is believed that the excellent blood compatibility of the carbon/TiO2 nanocomposite
is attributed to a joint function of surface properties adjusted by nanowire arrays and electronic structure of
carbon thin ﬁlms.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Blood compatibility is a signiﬁcant factor to decide the application of
implantable biomaterials, such as artiﬁcial blood vessels and orthopedic
implants. With the development of blood-contacting materials or im-
plantable devices, it is necessary to improve the hemocompatibility by
surface modiﬁcation or re-design. When blood contacts with a foreign
biomaterial surface, the ﬁrst process that occurs is the competitive ad-
sorption of plasma proteins. The adsorption of albumin is beneﬁcial
for inhibiting coagulation cascade, whereas the adsorbed ﬁbrinogen
is the opposite [1,2]. Therefore, the preferential adsorption property
of albumin for plasma proteins is considered to be beneﬁcial to
hemocompatibility. Furthermore, if the ﬁbrinogen is adsorbed on the
surface of biomaterials, the formation of thrombus on the biomaterial
surface is correlated with electrons transferring from ﬁbrinogen to the
material surface [3,4]. Fibrinogen transforms to ﬁbrin monomer and ﬁ-
brinopeptides when the transfer of electrons happens. The cross-link of
ﬁbrin monomer gives an irreversible thrombus. Therefore, a suitable
electronic structure of biomaterials, which can prevent the transfer
of electrons from ﬁbrinogen to the surface, will promote the+86 20 84113048.
).
.V. Open access under CC BY-NC-ND lhemocompatibility. However, single biomaterials, such as Ti alloy,
TiO2, ZnO, pyrolytic carbon or diamond-like carbon, are difﬁcult to
meet the requirement as excellent hemocompatibility materials in
both the surface properties and electronic structure. Hence, appropriate
surface modiﬁcation or re-design is necessary for improving the
hemocompatibility of the biomaterials or devices.
Carbon ﬁlm is always regarded as an attractive implantable material
and widely used in biomedical device because of its high inertness and
excellent mechanical [5]. Generally, a variety of methods can be used to
deposit carbon ﬁlms, such as ion beam [6], plasma-enhanced chemical
vapor deposition (PECVD) [7], magnetron sputtering [8] and laser
ablation [9]. Recent researches showed that carbon ﬁlms, especially
diamond-like carbon ﬁlms, are suitable as surface coatings on biomate-
rial applications due to their good hemocompatibility [10,11]. In our
previous work [12,13], the tetrahedral amorphous carbon ﬁlms (ta-C)
with various sp3C-to-sp2C ratio were obtained by using radio frequency
magnetron sputtering. The ratio of sp3C to sp2C in the ﬁlms has an obvi-
ous effect on blood compatibility of carbon ﬁlms. On the other hand,
TiO2 has been used in orthopedic implants since the 1970s, and the re-
searches about TiO2 have slowly transformed into the nanoscale design
of surface topography according to bionics. With not only the unique
and size-controllable morphology but also the avirulence, formability
and excellent hemocompatibility, titanium oxide nanostructures modi-
ﬁed as biomimetic interfaces have gained great attention for promising
biomedical devices. Vertically aligned single crystal TiO2 nanowire ar-
rays have been investigated due to its large surface area, controllable
morphology and superior charge transport [14,15]. The density andicense.
Fig. 1. (a) XRD pattern of TiO2 nanowire arrays, and (b) high resolution TEM image of
the TiO2 nanowires.
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can be adjusted by changing preparation parameters, such as the con-
centration of precursors and temperature in hydrothermal method.
In this paper, we synthesized a carbon/TiO2 nanocomposite, in
which the TiO2 nanowire arrays were prepared as the seed layer to
adjust the surface morphology, and the carbon thin ﬁlms with differ-
ent ratio of sp3 C to sp2 C were deposited on the top of TiO2 nanowire
arrays, which decides the electronic structure. The effects of the
nanocomposite on the blood compatibility and the mechanism of co-
agulation were researched.
2. Experimental details
2.1. Samples preparation and characterization
Density-controllable TiO2 nanowire arrays were synthesized on
ﬂuorine-doped tin oxide (FTO) glass using hydrothermal method
similar to that described by Liu and Eray [15], as we have also men-
tioned in our previous work [16]. FTO glass substrates were ultrason-
ically cleaned in acetone, ethanol and deionized water orderly and
then dried in nitrogen gas. In a typical process, a total volume of
40 mL mixture of deionized water and hydrochloric acid (36.5%)
with the volume ratio of 25:15, was stirred for 5 min. After that,
0.5 mL butyl titanate was added into the mixture. After another
5 min stirring, the mixture was poured into a teﬂon-lined stainless
steel autoclave, in which the glass substrates were placed at an
angle against the wall with the conductive side down. The whole au-
toclave was put into the oven. The reaction temperature is 150 °C,
and the time is 4 h. At last, a layer of TiO2 nanowire arrays were
obtained on the conducting side of the FTO glass substrates. The car-
bon thin ﬁlms C1, C2 and C3 were deposited on the top of TiO2
nanowire arrays using pulsed magnetic ﬁltered cathodic vacuum arc
deposition (PFCVAD), plasma-enhanced chemical vapor deposition
(PECVD) and magnetron sputtering deposition, respectively. As a re-
sult, the sample C1, C2 and C3 are provided with a higher, medium
and lower sp3C content due to the different preparation technology,
which lead to various electronic structure or band gap.
Surface morphology of the samples were observed using QUANTA
400 F scanning electron microscopy (SEM), and JEM-2010HR trans-
mission electron microscope (TEM) and X-ray diffraction (D/MAX
2200 VPC, RIGAKU, Jap.) were used to investigate the microstructure
and crystallographic structure of TiO2 nanowire arrays. Raman spec-
troscopy is the most common measurement to characterize the de-
tailed bonding structure of carbon ﬁlms. The Raman spectra of the
samples were obtained by using a Renishaw laser Raman spectrome-
ter in Via Reﬂex microscope with an excitation wavelength of
514.5 nm. The spectra were ﬁtted with two Gaussian peaks (D-peak
and G-peak) and the ratio of integrated intensity of the D-peak and
G-peak was determined.
2.2. Platelet adhesion test
The experiment of platelet adhesion was performed to identify the
blood compatibility of the single material C2, TiO2 nanowire arrays
and carbon/TiO2 nanocomposite sample C1/TiO2, C2/TiO2 and C3/TiO2.
Polyurethane (PU) (PolyMedica Co. Ltd., USA) already used in clinical
application was selected as a negative control due to its good
hemocompatibility, and glass was used as a positive control [12].
Here, the negative and positive control were deﬁned as samples with
better and worse hemocompatibility, respectively. In this experiment,
fresh blood of rabbit was centrifugalized for about 20 min to prepare
platelet-rich plasma (PRP), and then the platelet-rich plasma was
dropped on the surface of the samples and incubated at 37 °C for 1 h.
After incubation, the samples were ﬁxed for 3 h in glutaraldehyde,
dehydrated in a graded ethanol, critical-point dried with CO2 and gold
coated for examination in a scanning electron microscope. To obtaingood statistical results, ﬁve different regions in low magniﬁcation
(×1000) must be chosen randomly for each sample, and SEM images
in high magniﬁcation (×3000) were used to observe the activation of
adherent platelets.
3. Results and discussion
3.1. Surface morphology and microstructure
Fig. 1(a) gives the typical XRD pattern of the TiO2 nanowire arrays,
which shows that the TiO2 nanowire arrays possess rutile structure.
The TiO2 (002) diffraction peak is remarkably enhanced, indicating
that TiO2 nanowires grow in the (002) direction with the growth
axis perpendicular to the substrate surface. This result is in accor-
dance with the result of Liu and Eray [15], who believe that FTO
ﬁlm on the glass is highly textured with grains aligned preferentially
in the (002) direction. Essentially, (110) plane has the lowest energy.
However, Cl− in the solution could preferentially adsorb onto the
(110) plane of rutile TiO2, and the growth on TiO2 (110) direction
can then be suppressed, while the growth on TiO2 (002) direction
would enhance [17]. In fact, the nanowire arrays consist of a large
number of nanorods, every nanorod is composed of dozens of single
thinner nanowires, which can be conﬁrmed with TEM nanorod im-
ages in Fig. 1(b).
Fig. 2 shows the sectional and top view SEM images of the TiO2
nanowire arrays and carbon-coated TiO2 nanowire arrays. Typical
sectional and top view SEM images of the TiO2 nanowire arrays
were shown in Fig. 2(a) and (c), respectively. It was found that the
TiO2 nanowire arrays, which consist of the compact and uniform
nanowires or nanorods, grow vertically on the substrates, and the
Fig. 2. Typical surface morphology of TiO2 nanowire arrays and C1/TiO2 nanocomposite. (a and b) Sectional SEM images of the TiO2 nanowire arrays and carbon-coated TiO2
nanowire arrays; (c and d) top view SEM images of the TiO2 nanowire arrays and carbon-coated TiO2 nanowire arrays.
Fig. 3. Raman spectra of the carbon ﬁlms C1, C2 and C3 deposited by using (a) PFCVAD,
(b) PECVD and (c) magnetron sputtering, respectively.
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rough since the length of TiO2 nanowires is irregular, and the root
mean squared (RMS) roughness is about 48.5 nm (data not shown).
Fig. 2(b) and (d) showed the typical sectional and top view SEM im-
ages of the carbon-coated TiO2 nanowire arrays. When the TiO2
nanowires are coated with carbon using PFCVAD, there is no visual
difference between the representative TiO2 nanowire sectional and
top view images compared to representative C1/TiO2 nanocomposite
images (the same to C2/TiO2 and C3/TiO2).
3.2. Structural analysis of the carbon ﬁlms
The carbon ﬁlms were deposited on the top surface of nanowire ar-
rays by PFCVAD, PECVD and magnetron sputtering. The thickness is
about a few tens of nanometers in our experiment. Since the carbon
ﬁlms are very thin, the surface morphology of the nanowire arraysFig. 4. Ratio of intensity of the D and G Raman peaks and the D- and G-peak positions of
the carbon ﬁlms C1, C2 and C3 deposited by using different methods.
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fore, a particular surface morphology of carbon/TiO2 nanocomposite
were prepared, in which the surface morphology (such as roughness,
topography) was adjusted by TiO2 nanowire arrays and the electronic
structure (such as sp3C content or band gap) was controlled by the car-
bon thinﬁlms using differentmethods. The Raman spectra of the carbonFig. 5. Low magniﬁcation SEM images of the platelets adhered on the surface of differentﬁlms C1, C2 and C3 deposited by PFCVAD, PECVD and magnetron
sputtering, were shown in Fig. 3, respectively. Generally, the position
of the two peaks and the ratio of the integrated areas under the D and
G peaks (ID/IG) in Raman spectra can be correlated with the sp3/sp2
bonding ratio [18]. Raman spectra could be ﬁtted into two Gaussian
distribution to extract the features of the G-peak and D-peak positions.samples: (a) C2, (b) TiO2, (c) C1/TiO2, (d) C2/TiO2, (e) C3/TiO2, (f) PU and (g) glass.
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1550 cm−1, while D-peak spreads over the range of 1332 cm−1 [19].
The positions and widths of both G-band and D-band vary with
different deposition technology. The Raman spectrum showed approx-
imately a single symmetrical peak between 1300 and 1700 cm−1 in
Fig. 3(a), which indicated a high sp3C content. Fig. 3(b) showed that
the symmetry no longer existed, apparently two peaks appeared at
about 1340 cm−1 and 1540 cm−1, and D- and G-peak positions
moved towards the lower wave number consequently the ID/IG ratio in-
creased. In Fig. 3(c), a shoulder peak emerged, which revealed the in-
crease of graphitization of the carbon ﬁlm. The variation of the peak
positions and the ID/IG ratio were given in Fig. 4. The ID/IG ratio obtained
from Raman spectra of the three samples increases from 0.14 to 2.333.
Therefore, the sp3C content in sample C1, C2 and C3 deposited by
using different technology is the highest, medium and lowest, respec-
tively, resulting in the difference of electronic structure of C1, C2 and
C3 sample.
3.3. In vitro blood compatibility
Platelet adhesion and activation are the indicators of thrombo-
genicity on a blood-contacting material surface [20]. A reduction of
platelets adhesion and activation on the surface is signiﬁcant for the
application of biomaterials. Generally, the sample with less platelet
adhered and activated on the surface has better hemocompatibility.
Typical low magniﬁcation SEM images of the samples with the adhe-
sion of platelets were shown in Fig. 5. The number of platelet adhered
on the surface of samples was counted from ﬁve different regions in
low magniﬁcation. Every region area is about 130 μm × 130 μm,
and the statistical results were shown in Fig. 6. We have proved in
our previous work that the number of platelet adhered on the surface
of TiO2 nanowire arrays is less in this batch of samples since the diam-
eter and density of nanowires are suitable for hemocompatibility [16].
After coating the carbon thin ﬁlms on the top surface of TiO2 nanowire
arrays, the number of platelet adhered on the surface of carbon/TiO2
nanocomposite varies with the sp3C content of the carbon ﬁlms rested
with prepared method. It is found that there is less platelet adhered
on the surface of C1/TiO2, C2/TiO2 and C3/TiO2 nanocomposite in con-
trast to single materials C1, C2 and C3 sample, respectively, which indi-
cates that the seed layer of TiO2 nanowire arrays with nanoscale
topography plays a key role in reducing the platelet adhesion. As
reported in our previous work [12,13], the number of platelets adhered
on the surface of the carbon ﬁlms is signiﬁcantly different with sp3C
content of carbonﬁlms. C1 samplewith the higher sp3C content has bet-
ter hemocompatibility than that for C2 and C3 sample. Therefore, the
hemocompatibility of C1/TiO2 nanocomposite is better than that of sep-
arate C1 and TiO2 nanowire arrays, even much better than that on theFig. 6. Number of platelets adhered on the surfaces of different samples.surface of the negative control (PU).We believed that the deterioration
of the hemocompatibility of C2/TO2 and C3/TiO2 nanocomposite is at-
tributed to C2 and C3 ﬁlms due to their lower sp3C content.
Typical high magniﬁcation SEM images of the samples with the ad-
hesion of platelets were shown in Fig. 7. It is easy to observe signiﬁcant
difference in platelet appearance, and the activated platelets with ag-
gregation and pseudopod are pointed out by black arrows. Compared
to the single material, the samples C1/TiO2, C2/TiO2 and C3/TiO2 exhibit
less platelets aggregation and pseudopod. Platelets adhered on the sur-
face of C1/TiO2, C2/TiO2 and C3/TiO2 nanocomposite are in round shape,
and only slight pseudopodia can be observed. There are a large number
of platelets can be detected on the surface of C2 and C3 sample. C2,
which show typical signs of activation, such as spread morphology
and protruding pseudopod. Meanwhile, some deformation also can be
seen in the surface of TiO2 nanowire arrays. Therefore, compared to
the carbon ﬁlm, TiO2 nanowire arrays, the negative control PU and the
nanocomposite of carbon/TiO2 exhibit fewer aggregation and pseudo-
pod, suggesting that carbon/TiO2 nanocomposite are potential in appli-
cation of blood-contacting biomedical materials.
The carbon/TiO2 nanocomposite ﬁlm could effectively improve the
anticoagulant function compared to the single material. It is believed
that the excellent blood compatibility of the carbon/TiO2 nanocomposite
is attributed to a joint function of surface properties adjusted by
nanowire arrays and electronic structure of carbon thin ﬁlms. As report
in our previous work [16], TiO2 nanowire arrays are prepared on FTO
substrate using the hydrothermal method with different volume ratio
of deionized water to hydrochloric acid. The diameter and density of
the nanowires vary with the volume ratio of deionized water to
hydrochloric acid, and all the TiO2 nanowire arrays in our experiment
exhibit hydrophobic surface. It has been proven that the adsorption of ﬁ-
brinogen will promote the adhesion of platelets and activate the plate-
lets, whereas the adsorption of albumin does the opposite thing [21].
Therefore, the hydrophobic surface and high dispersive component of
TiO2 nanowire arrays are believed to be probably the reasons of their
better blood compatibility. Besides the surface topography, electronic
structure of the materials is also a signiﬁcant factor to decide the blood
clot formation in veins. Adsorbed ﬁbrinogen has been regarded as the
main protein involved in platelet behavior. Some researchers have con-
ﬁrmed that ﬁbrinogen has an electronic structure similar to an intrinsic
semiconductor with a band gap of 1.8 eV, and it is of particularly impor-
tance in hemostasis [4,22]. When ﬁbrinogen is adsorbed on the surface
of biomaterials and their electrons transfer from ﬁbrinogen to biomate-
rials, the ﬁbrinogen disassembles into ﬁbrin monomer and ﬁbrinopep-
tides [1]. The polymerization of ﬁbrin monomers intertwines like a
three-dimensional network which entraps the platelets [2]. Then the
platelets release internal granule contents and have a change in their
shapes, whichwill promote theplatelet-surface and platelet-platelet ad-
hesion. Therefore, thewide band gap or higher Femi energy level of bio-
materials is necessary to restrain the electron transferring from the
ﬁbrinogen to biomaterials. For the as-deposited carbon ﬁlm, the ratio
of sp3C content positively correlates with the band gap of the carbon
ﬁlms. Usually, the high fraction of sp3-bond results in wide energy
band gap, leading to reduction of platelets adhesion, which is in agree-
mentwith our results [12,13]. Thus, the sample C1/TiO2 nanocomposite,
in which the TiO2 nanowire arrays with a suitable nano-topography
were coated by C1 thin ﬁlm with the highest sp3C content, exhibited
the best hemcompatibility.
4. Conclusion
TiO2 nanowire arrays were ﬁrstly fabricated by the hydrothermal
method to provide a suitable nano-topography surface, and then the
carbon/TiO2 nanocomposite were synthesized by coating the carbon
thin ﬁlmswith various sp3C content on the top surface of TiO2 nanowire
arrays. The platelet adhesion test showed that the carbon/TiO2 compos-
ite can effectively improve the anticoagulant function compared to the
Fig. 7. High magniﬁcation SEM images of the platelets adhered on the surface of different samples: (a) C2, (b) TiO2, (c) C1/TiO2, (d) C2/TiO2, (e) C3/TiO2, (f) PU and (g) glass.
57H.L. Chen et al. / Diamond & Related Materials 38 (2013) 52–58single materials. It is believed that the excellent blood compatibility of
the carbon/TiO2 nanocomposite is attributed to a joint function of sur-
face properties adjusted by TiO2 nanowire arrays and electronic struc-
ture of carbon thin ﬁlms. This design of carbon/TiO2 nanocomposite,
whose surface property and electronic structure can be controlled inde-
pendently, is an attractive strategy in exploring novel biomaterials or
blood-contacting biomedical devices.Prime novelty statement
A carbon/TiO2 nanocomposite, which consists of carbon ﬁlms with
various sp3C content and TiO2 nanowire arrays, has been synthesized.
The excellent blood compatibility of the nanocomposite is attributed
to a joint function of surface properties adjusted by nanowire arrays
and electronic structure of carbon thin ﬁlms.
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